The U~iform Semiclassical Approximation {USCA) with complex trajectories is applied to the problem.of Coulomb-nuclear interference for rotational states excited in heavy-ioh reactions. The system 40 Ar + 238 u is studied as a function bombarding energy. The calculations show considerable sensitivity of the excitation probabilities to both the real and ,imaginary parts of the complex nuclear potential in the vicinity of the Coulomb barrier, suggesting that heavy-ion rotational excitation could be a sensitive probe of the nuclear potential near the barrier in deformed nuclei.
Conclusions are presented in Part V.
II. BASIC THEORY
We are concerned here with generalizing the USCA theory of Coulomb excitation presented in ref.
23 to include a·deformed complex·optical potential. The fundamental quantities.to be determined'will ·be the probability amplitudes and phases for ,excitation in the channels of interest.
These represent components of the quantum-mechanical S-matrix evaluated by saddle-point (stationary phase) integration m~thods.
18
,l
)
We will restrict ourselves to the case of a head-on collision, since then the motion is confined'to a plane, which simplifies the numerical calculation. The generalization to a three-dimensional rotor will ~e made subsequently by arguments similar. to, those used prev~ously for. pure where R~ is the real optical radius, Ap and At are the projectile and target masses respectively, and the SA. are the nuclear deformation parameters. The last term conserves volume to this· order in the deformation parameters. For the present work the real and the imaginary potentials are assumed to have different radial geometry but the same angular dependence, and the imaginary radius R 1 is defined by replacing R~ with its' counterpart R~ 'in Eq; (4).
For a purely reai nuciear potential and fo~ Q ~ '+} = 0, the model for Coulomb-nuclear inte~ference ·is thus co~cei ved as a comp·eti tion between the repulsive electric quadrupole force and the attractive real nuclear force in imparting net torque to the deformed rotor, as Fig. 2 illustrates. The .
inclusion of the hexadecapole. potential and.the imaginary nuclear potential complicates this simple picture, but the classical 'model remains one of a.
competition between the contributions of attractive and repulsive parts of the total potential to the net torque of the system·. 
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The trajectories during the integration are complex due to the complex nuclear potential and due to the fact that s·. niay in general be complex.
.
Following the integration, observable quantities nrust be real. This may be specified for PX by appropriate choice of the imaginary part of the initial orientation B , and is then assured for P by virtue of the timeo r independent Hamiltonian. Finally r may be made real by selection of an 
where the subscripts 1 and 2 refer to the cla.ssical trajectories which satisfy the boundary conditions of Eq. (S and Ai and Ai' are respectively the complex regular Airy function and its derivative. The traje'ctory subindex j = 2 is the one for which Re(ai(B)/aS) < 0.
The excitation probability PI+O is given by
For the case that lt:.4>1 >> l one can use the asymptotic expressions for the Airy functions to obtain the "primitive" excitation probability, which is useful because of its conceptual simplicity: For pure Coulomb exdtation. a= 0. 23 ) As long as the nuclear force does not dominate (which is generally true in the present case for bombarding energies below the Coulomb barrier) a will be small and
can be neglected when Eq. (13) is used for qualitative considerations. Equation (13) is of use in illustrating two important concepts: 1) the interference between the amplitudes arising from the different terms in the S-matrix, and 2) the exponential damping of the probability amplitudes by the imaginary part of the class.ical action ~. For the numerical calculation, however, the uniform expression (9) was used. Ar + U at Elab = 286 MeV (sets III and IV) . · We emphasize that there are reservations about the propriety of these potentials for the application discussed here since our calculations are for lower energies than where they were determined, and for the other reasons mentioned below.
Nevertheless, these potentials still serve as useful starting points for the investigation of rotational scattering in the barrier region.
In bability of the 4 state relative to that of pure Coulomb excitation. Also plotted are the excitation amplitudes, but at this energy the significant -12-change in the excitation probability is due to the change in the phase.
Similarly, the phase difference for the 6+ state is shifted from a region of destructive interference to one where the interference term is essentially zero. Therefore the excitation probability is increased for the 6+ state relative to the case of pure Coulomb excitation. The behavior of the other probabilities for ITI < 8+ is understood in a like manner. As discussed further below, and as Fig. 7 indicates, the nuclear force also lowers the probability amplitudes significantly for the higher-spin states (ITI;;;;. 8+), in addition to affecting the phase.
The effect of the nuclear potential is further illustrated in Fig. 8, where the real part of the phase difference is plotted as a function of energy for several states with and without the nuclear potential. For a given state, the passage of IJ.ip through regions of constructive and destructive interference is primarily responsible for the well-known oscillations in
Coulomb excitation probabilities as a function of energy.
23 ) The effect of the real nuclear potential is to shift the phase difference further below its value for pure Coulomb excitation with increasing energy. In extreme cases the interference term may be shifted from a constructive maximum to a destructive minimum at a given energy, or vice-versa. With increasing energy (or for high-spin states) the effect of the nuclear force on the probability amplitudes .JPj also becomes significant. This is a consequence of the effect of the lowered quantum-number function (cf. . results in changes of -10%, +10%, -10%, -7%, +2%·, -6%, and +12% for the 0+-12+ state probabilities respectively. These changes can be explained, as have the previous examples, in terms of the nuclear-force influence on the phase differences ~~·and the amplitudes~.
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The probabilities should also be sensitive to the imaginary potent~al for two reasons: 1) absorption due to the imaginary potential may destroy
For a small value of Wf 1 , the primary effect of the imaginary potential on the probability amplitudes is to contribute a damping factor e-lm~ which where f 1 (t) is the form factor of the imaginary potential. In Fig. 10 the value of Wf 1 (t) as a function of t is plott~d for several different initial orientations. From (14) the damping of the probability amplitudes -14-,.
varies exponentially with the area under the curves. Obviously those initial orientations near 0° will be subject to stronger damping than those near 90°, and in the general case one of the probability amplitudes of Eq. (13) will be damped out before the other, destroying the oscillatory interference term.
In addition to absorption effects, the imaginary potential also affects the classical trajectory. This can give rise to reflection and diffraction phenomena not adequately treated in older semiclassical methods which only include the effect of the real potential on the projectile trajectory.
Within the classical-limit framework described here, these effects are treated exactly, and the excitation probabilities should be sensitive to the imaginary as well as the real part of the complex nuclear potential in the sub-barrier region. In the next section we will further illustrate this sensitivity with some realistic calculations. for a representative heavy-ion system.
IV. EXAMPLES AND DISCUSSION
We have applied the techniques described in the previous sections to 40 238 the rotational excitation probabilities for the system Ar + U. As before, the calculations were restricted to zero impact parameter. This behavior is easily tmderstood in qualitative terms, as discuss~d in Section III. Consider, for example, the 0+ prob~bility calculated.
with and without the nuclear force of parameter set II (Fig. 11) . In the range 150-180 MeV the nuclear force has only a slight effect. Both the probability calculated with and that calculated without the nuclear force decreases. The reason is apparent in Fig. 8 . For both cases the phase difference Re(M>) moves from a region of constructive interference
into a region of destructive interference; the third term of Eq. (13) becomes algebraically smaller, and 'the excitation propability is decreased. difference is changing much more rapidly for it with energy (cf. Fig. 8 ).
It is higher because at ~his energy the real nuclea! force.begins to affect appreciably the probability amplitudes. Finally for Elab > 205 MeV, the real nuclear force shifts the phase dl.fference to.ward a destructive For the forbidden states the deviation of the Coulomb-nuclear probabilities from pure Coulomb excitation is a consequence of the, nucLear force's effect on the contributing probability amplitude (see Fig. 7 ). These' amplitudes for t~e forbidden states are·extremely sensitive' to the maximum of the quantum number function on the real 8 axis (Fig. 5) , since the 0 lowering of this function increases exponentially the damping of the contributing ·am{)litude for a forbidden state. This damping is a consequence, not of the im"aginary potential, but of the projectile penetration into regions inaccessible ·to classical dynamics with purely 'real traj.e·ctories.
If an imaginary'potential is also present it contributes an·additional component to the damping as discussed in the.classically allowed cases:
From Figs.ll and 12 it is obvious that potential II differs greatly from III and IV in its influence on the rotational ~xcitation probabilities. This may not be of physical significance, since they were determined with different projectiles, at different energies relative .to the barrier, a~d on sphe.rical and deformed nuclei, respectively. We may even question whet,her :;my of the potentials discussed here ·are realistic iri the sub-.barrier region for a deformed nucleus since 1) they were determined frol\1 fits Ul'lil}g spherical optical codes on data in which t.rue elastic and many quasi-elastic processes are indistinguishable-!, 2) ther~ are theoretical reasons t-o ·believe the shape of the imaginary potential may diffe·r from that of the real potential for ·a d,eformed nucleus, and 3) the Woods~Saxon optical poJ:en,tial may pot. be the best parameterization of the sub-barrier'nuclear interaction. These reservations are not of major significance -for the purpose of this paper however. We -18-have merely used these representative potentials to demonstrate that rotational excitation is sensitive to the complex nuclear potential, and that experimental determination of rotational excitation probabilities with heavy ions could be used to explore quantitatively the interaction in the Coulomb-nuclear interference region~ ·
The probabilities calculated using parameter sets III and IV do not differ by more than 10-20~ from each other in the energy range considered
here. This is not surprising, since they were derived from fits to the same data, and . now feel the nuclear force, should make the dominant contribution~,. Therefore., ~>ne wou~d expect the prob.abilittes in this case to be sensitive to the nuclear potential nearer, the belly of . . the classical nucleus.
As another example_, significant attent~on has :recently been directed to the po,ssibility of different charge a?d matter distributic;>:ns :i,n the nucleus.
)
Since the calculati~>ns disc~ssep, here are very sensitive to the competition between .the nuclear forces (arising from t-he matter distribution)
. . time paths in the present method, suggest that for the cases considered here no more than two trajectories make significant contributions to the S-matrix. For some nuclear potentials and for some bombarding energies this may no longer be true, and it may be necessary to consider more than ' 39) two contributions to the S-matrix. dNuclear parameters from ref. 43. eNuclear parameters from ref. 43. in the calculation. The parameter sets used are listed in Table 1 and the calculation was restricted to the zero impact parameter case. Table 1 and the calculation was restricted to the zero impact parameter case. Table 1 and all calculations were restricted to zero impact parameter. t·.
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